Parental imprinting is a mammalian-specific form of epigenetic regulation in which one allele of a gene is silenced depending on its parental origin. Parentally imprinted genes have been shown to play a role in growth, metabolism, cancer, and behavior. Although the molecular mechanisms underlying parental imprinting have been largely elucidated, the selective advantage of silencing one allele remains unclear. The mutant phenotype of the imprinted gene, Pw1/Peg3, provides a key example to illustrate the hypothesis on a coadaptation between mother and offspring, in which Pw1/Peg3 is required for a set of essential maternal behaviors, such as nursing, nest building, and postnatal care. We have generated a novel Pw1/Peg3 mutant allele that targets the last exon for the PW1 protein that contains >90% of the coding sequence resulting in a loss of Pw1/Peg3 expression. In contrast to previous reports that have targeted upstream exons, we observe that maternal behavior and lactation are not disrupted upon loss of Pw1/Peg3. Both paternal and homozygous Pw1/Peg3 mutant females nurse and feed their pups properly and no differences are detected in either oxytocin neuron number or oxytocin plasma levels. In addition, suckling capacities are normal in mutant pups. Consistent with previous reports, we observe a reduction of postnatal growth. These results support a general role for Pw1/Peg3 in the regulation of body growth but not maternal care and lactation.
Introduction
Parental imprinting is a form of epigenetic regulation that results in an allele-specific expression of a gene according to its parental origin and is restricted to placental mammals [1] [2] [3] . Since 1991, about 100 parentally imprinted genes have been identified and mutant mice have been generated for many of these genes (reviewed in [4] [5] [6] ). The selective advantages of parental imprinting remain unclear. Analyses of mice carrying mutations in parentally imprinted genes as well as genetic diseases corresponding to parentally imprinted genes in humans have shown that many of these genes play key roles in regulating body growth, metabolism, and adult behaviors [7] [8] [9] [10] [11] [12] [13] .
Pw1/Peg3 was identified initially in 1996 and is expressed primarily from the paternally inherited allele [14, 15] . PW1/PEG3 expression initiates upon gastrulation and persists at high levels in multiple embryonic tissues [14, 15] . Most postnatal and adult tissues exhibit restricted PW1/PEG3 expression in a small cell population with a notable exception of the brain, which maintains higher levels of expression in the neuronal lineage throughout adult life [10, 15, 16] . A constitutive Pw1/Peg3 knockout mouse mutant was generated previously and analyses of the paternal mutants (Pw1/Peg3 m+/p-) revealed perinatal growth retardation [10] . In addition, Pw1/ Peg3 m+/p-females displayed impairments in nest building, pup retrieval, and decreased milk ejection leading to decreased offspring survival [10, 17, 18] . Li and colleagues [10] identified a decrease in oxytocin-expressing neurons as one primary mechanism underlying these maternal defects. Loss-of-function of another parentally imprinted gene, Mest/Peg1, also results in maternal behavior defects [7] . These observations, made more than 20 years ago, were viewed within the context of two prevailing theories regarding the role of parentally imprinted genes and their unique epigenetic control. The first theory, referred to as the 'parental conflict hypothesis' (also known as the 'kinship theory') proposes that the paternal contribution to the offspring drives embryonic and postnatal growth, whereas the maternal contribution limits growth of the offspring, yet promotes the conservation of maternal resources that would favor maternal survival [19] . The second proposal, referred to as the 'coadaptation theory', posits that these genes are critical for optimizing maternal-offspring survival [20] . These two theories are compatible in that the paternal drive of the offspring growth would be of a little value if the mother either did not survive pregnancy or failed to adequately care for her young, implying that a balance of these two directives is essential for survival and future reproductive success. Pw1/Peg3 was discovered in an effort to identify paternally expressed (Peg) or maternally expressed (Meg) genes in the mammalian genome [14] and independently in the same year from a screen for upstream regulators of stem cell specification [15] . Consistent with the latter strategy, it was found that PW1/PEG3 is expressed in adult somatic stem cells in a wide range of tissues including skeletal muscle, skin, gut, testis, and hematopoietic system, and central nervous system [16, 21, 22] . More recently, it has been demonstrated that PW1/PEG3 is required for stem cell competence in mesoangioblasts [23] . The regulatory role of PW1/PEG3 is likely to be complex as previous studies demonstrated that PW1/PEG3 participates in the two cell-stress signaling pathways-p53 and TNF/NFκB-leading to either cell death or survival, respectively [24, 25] . Pw1/Peg3 has also been shown to inhibit the Wnt signaling pathway by promoting β-catenin stabilization [26] . In addition, Pw1/Peg3 functions a transcription factor that regulates multiple genes involved in cellular metabolism [27] . Taken together, these results suggest that Pw1/Peg3 serves as a mediator of cell stress in adult stem/progenitor cells. Perera and colleagues recently generated a conditional Pw1/Peg3 allele targeting the coding exon 6 [28] . They first induced a constitutive recombination of their mouse model and showed that paternal Pw1/Peg3 deletion alone up-regulates the maternally expressed gene Zim1 and results in postnatal growth defects. Interestingly, they reported Pw1/Peg3 expression from the maternal allele in restricted regions of the neonatal and adult brain including the hypothalamus [28] .
We report here the generation of a novel mutant allele for Pw1/Peg3 (referred to henceforth as Pw1). In contrast to previously generated Pw1 mutant mouse models, we targeted the last Pw1 exon with loxP sites that contains >90% of the coding sequence and a putative transcription start site [15] . In order to compare our allele with previously reported results for constitutive loss-offunction models, we crossed our Pw1 floxed mice with PGK-Cre mice to obtain offspring with germ-line mutation of Pw1. These mice were then used to establish a colony of constitutive mutant mice. Analyses of paternal, maternal, and homozygous mutant mice were carried out. We confirmed that our targeting strategy eliminated PW1 protein expression during development and in postnatal tissues including the hypothalamus, and as seen in previous studies, mutant mice are viable but display postnatal growth defects. Despite this phenotypic overlap with previous models in postnatal growth, a detailed analysis of paternal, maternal and homozygous Pw1 mutant females showed that all aspects of maternal behavior (nest building, pup retrieval, crouching, pup sniffing, milk ejection) were indistinguishable from wild-type nulliparous and primiparous adult females. In addition, wild-type pups showed no difference in postnatal growth when nursed by wildtype or mutant mothers and no difference in mutant pup milk intake was observed between wildtype and mutant pups. Lastly, the number of oxytocin expressing neurons in oxytocin-producing hypothalamic nuclei were unaffected and the circulating levels of oxytocin were unchanged. Taken together, our data show that Pw1 does not play a role in maternal behaviors, but does play a role in the regulation of postnatal growth. These findings may have implications with regard to prevailing theories on the evolutionary benefits of parental imprinting.
Results

Generation and characterization of a Pw1 constitutive knockout mouse
In this study, we have generated a Pw1 conditional knockout mouse targeting Pw1 exons 8 and 9 ( Fig 1A, S1 Fig) . The neomycin ES-cell selection cassette was excised by crossing with a mouse line carrying flippase, which recognizes and recombines Frt sites [29] (Fig 1A) . To generate a constitutive Pw1 knockout mouse, we crossed the Pw1-floxed with a constitutive PGK-Cre mouse [30] (Fig 1A) . The mutant mice were viable and survived to adult stages. As a first step to validate our constitutive Pw1 knockout mouse model, we verified that paternal loss of Pw1 leads to loss of PW1 protein during early embryonic development (S5G Fig). We next examined the Pw1 transcript and protein levels in the whole brain. We detected a truncated Pw1 transcript from the recombined paternal allele suggesting that the targeted allele underwent correct transcriptional regulation (Fig 1B) . No expression from the maternal Pw1 allele was detected in 2 months-old Pw1 m+/p-mutant brains (Fig 1B-1E ). In contrast, we detected a low level of maternal Pw1 transcription in Pw1 m+/p-P0 brains samples using semi-quantitative RT-PCR (Fig 1B) . 
Pw1
-/-mice. We found that postnatal growth of Pw1 m+/p-and Pw1 -/-mice displayed a significant reduction by postnatal day 21 (Fig 1F and 1G) , whereas maternal Pw1 deletion had no detectable effect upon postnatal growth. After weaning, the growth defect observed in Pw1 m+/p-and Reproduction, litter size, and maternal behaviors are not affected in Pw1 mutant mice
We monitored the matings of Pw1
, and/or Pw1 -/-mice and did not detect any impact on the percentage of post coitum pregnancies and all crosses carried out gave rise to the expected Mendelian ratios (Table 1) . Importantly, mutant mothers appeared to properly care for their pups and litter sizes recorded at postnatal day 0 were similar in all cases with no significant differences in pup mortality indicating that the mutant mothers were not impaired in bringing their pups to weaning age ( by measuring pup retrieval latency, nest building latency, nest quality, and the time spent crouching over the pups in nulliparous (virgin) and primiparous female mice. In addition, we measured the time nulliparous females took to acknowledge pup presence by recording pup sniffing latency, to establish a baseline between all genotypes. Among all the behaviors recorded, we did not detect any impairment in maternal care in nulliparous and primiparous Pw1 mutant females (Fig 2A and 2B , S1 Movie). Even though Pw1 m+/p-nulliparous females appear to have a slightly increased nest building latency and a decreased nest quality, they behave similarly to wildtype upon primiparity. Importantly, no statistically significant differences were found between all four genotypes either in nulliparous and primiparous females (see supplementary statistical details). Additionally, the percentage of non-retrieved pups born to any group of primiparous mothers did not exceed 8.6% (Fig 2B) . We note that nulliparous females did not show any significant differences in pup sniffing latency among all genotypes thereby allowing for a direct comparison of maternal behaviors for all genotypes examined (Fig 2A) .
Oxytocin circulating level in females is not decreased upon Pw1 deletion
Oxytocin is a peptide hormone synthesized in the hypothalamus. It has two different sites of release. In the brain parenchyma, oxytocin induces social bonding, notably maternal care [31] [32] [33] [34] . Circulating oxytocin targets myoepithelial cells in the mammary gland to stimulate milk ejection and smooth muscle contraction in the uterus upon parturition [35] . Li and colleagues reported a decrease in the population of oxytocin-expressing neurons and suggested this was the most likely basis for the decrease in maternal care in Pw1 m+/p-females described in their study [10] . Consistent with a decrease in oxytocin expressing neurons, they also showed that Pw1 m+/p-females displayed a decreased capacity for milk ejection in nursing mutant female mice [10] . We therefore examined both oxytocin neuron number and circulating levels of oxytocin. We quantified the number of oxytocin-expressing neurons in the paraventricular nuclei and the supraoptic nuclei and found no differences between all four genotypes ( Fig 3A-3E ).
We also quantified the number of oxytocin-expressing neurons in the medial preoptic area and found no differences between Pw1 +/+ and Pw1 -/-females ( Fig 3D and 3E ). Consistent with these data, we found that oxytocin plasma levels in nulliparous females were comparable among all genotypes ( Fig 3F) . As expected, oxytocin plasma levels increased slightly upon parturition. Compared to wildtype, Pw1 m+/p-and Pw1 m-/p+ mutant females, both nulliparous and primiparous, show no significant change in oxytocin systemic release ( Fig 3F) . It is noteworthy that levels of oxytocin were highly variable necessitating a large sample size. While our data reveal that loss of Pw1 function does not result in a decrease in oxytocin levels, it is striking that the Pw1 -/-females display less variability in these levels indicating that there may be a more subtle role for PW1 in oxytocin regulation.
Lactation and suckling in Pw1 deficient mice is unchanged
Li and colleagues previously showed that Pw1 m+/p-mothers were deficient in milk ejection and suggested that this defect contributed to growth retardation of wild-type pup progeny [10] . In addition, Curley et al [36] and Kim et al [17] showed impaired suckling of Pw1 m+/p-pups born to wild-type mothers. However, we observed that wild-type progeny born to Pw1 m+/p-mothers did not show an impaired postnatal growth as compared to wild-type pups born to wild-type mothers (Fig 4A and 4B) . Similarly, Pw1 m-/p+ progeny born to Pw1 m+/p-or Pw1 -/-mothers did not display any postnatal growth differences ( Fig 4C) . Taken together, these results demonstrate that mutant mothers, carrying either a paternal mutant or homozygous mutant alleles for Pw1, do not show any defects in milk let-down or in milk ejection. Additionally, on the day of birth, pups born to mother specific genotype can show the same milk spot size ( Fig 4E) . By Assessment of maternal behavior in 3 to 4 months old primiparous females on the day of delivery (n!12) using the female own litter. Nest quality is scored as followed: 0 = no nest building activity/no nest built; 1 = quick nest building activity, few nest materials/twigs have been retrieved; 2 = consequent nest building day 2, all the pups born to Pw1 +/+ , Pw1 m+/p-, Pw1 m-/p+ , and Pw1 -/-mothers show a milk spot of a similar size (Fig 4F and 4G) . As paternal loss of Pw1 leads to growth reduction of pups that is detectable during weaning, we determined whether this was due to a decrease in milk intake in Pw1 m+/p-pups born to Pw1 +/+ mothers by measuring weight gain of the pups. At postnatal day 7, Pw1 m+/p-pups displayed no detectable differences in milk intake as compared to wild-type pups ( Fig 4D) . We conclude that Pw1 m+/p-pups do not have any detectable suckling defects.
Discussion
Three Pw1 mutant mouse models have been previously and independently generated. In all three cases, mutant mice exhibited postnatal growth defects. While the initial studies of Kim et al [17] and Perera et al [28] did not examine behavioral phenotypes, Li et al [10] reported that the mothers did not properly care for their young and failed to eject milk correctly. Their study suggested that defects in postnatal growth were due to impairments in maternal function, since the wild-type pups cared by mutant mothers also showed a decreased postnatal growth prior to weaning [10] . However, unlike mutant pups, wild-type pups caught up to normal body size once weaned [10] . These data strongly supported a critical role for Pw1 in maternal function. Moreover, Curley et al [36] and Kim et al [17] demonstrated that mutant pups have a decreased suckling ability, which leads to a decreased neonatal survival rate. Recently, Frey and Kim [37] have shown that their conditional mutant crossed onto a global Cre also results in milk let down as well as nest building defects in females. In their study, they describe several discrepancies with the study of Li et al [10] however their results confirmed a role for Pw1 in maternal functions. Taken together, these studies showed that Pw1 plays a role in maternal behavior, suckling, and body growth [10, 17, 36, 38] and provided supporting genetic evidence for the coadaptation theory of parentally imprinted gene function.
In the present study, we have generated a novel conditional Pw1 allele and as a first step, we generated a constitutive loss-of-function line in order to compare the outcome with previously published results. While we confirm a postnatal growth defect in both paternal and homozygous Pw1 mutant mice, we observe that all previously measured features of maternal behavior are indistinguishable from wild-type mice. How might we account for these phenotypic differences among different Pw1 mutant models? In the course of our analyses, we first generated a conditional mouse line that retained the neomycin selection (Pw1 loxneolox ). We observed that the presence of the neomycin gene silenced PW1 expression as early as embryonic stage E12-13 (S5 Fig). A similar disruption of neighboring gene expression by neomycin insertion has been observed previously in multiple studies [39] [40] [41] . We therefore removed the neomycin cassette from our Pw1 conditional mouse following a cross with the mouse carrying flippase [29] , that lead to a complete restoration of normal Pw1 expression during development and in the adult. A Pw1 constitutive knock out mouse line was then obtained by crossing the Pw1 floxed mouse with a PGK-Cre mouse and bred onto a C57Bl/6J background [30] . While Li et al [10] inserted a promoterless βgeo cassette containing LacZ and Neomycin genes into Pw1 coding exon 5, Kim et al [17] inserted a promoterless LacZ gene and a neomycin gene driven by the human β-actin promoter into Pw1 intron 5 respectively, and Perera et al [28] deleted Pw1 coding exon 6. In the first two mutants, the authors reported that a paternal deletion of Pw1 led to a complete loss of PW1 protein expression. In contrast, Perera and colleagues [28] , Pw1 -/-females, respectively). Pw1 -/-postpartum females tend to have a lower oxytocin plasma level but this observation is not statistically significant. In all graphs, values represent mean ± s.e.m. Statistical analysis was performed using nonparametric one-way ANOVA (Kruskal-Wallis test) (Fig 3D) , multiple t-tests (Fig 3E) or two-way ANOVA test (Fig 3F) . *P<0.05, **P<0.01, and ***P<0.001. NS: non-significant. , respectively). No significant differences were found. D. Milk intake was assessed by measuring the gain of pup weight after a 2 hour starvation period at postnatal day 7. Milk intake of Pw1 m+/p-pups was similar to Pw1 undertaken in this study. In addition, Relaix et al [15] showed that an alternative Pw1 transcription start site is located at the 5'-end of Pw1 coding exon 9, which is removed in our Pw1 knockout mouse model. The APeg3 gene is expressed as an antisens RNA in vasopressinergic magnocellular neurons of the hypothalamus [42, 43] . Our Pw1 knock-out mouse construct is predicted to truncate APeg3, however, APeg3 has only been described thus far to downregulate Pw1 transcript and protein levels [44] thus no additional effects would be predicted although they cannot be ruled out. Taken together, it is possible that different construct strategies used for the generation of the published Pw1 mutant mouse models and our model generated here may explain the lack of a maternal behavior and nutritional deficit in our model. Additionally, housing conditions can impact animal behavior. In the study by Li and colleagues, mice were housed in a reversed light cycle and experiments were performed during dark period [10] whereas our experiments on behavior were performed during the light cycle. Nonetheless, light and dark phase testing have been shown to score similar social behaviors [45] . We note however that pup retrieval and nest building latencies observed by Champagne et al [38] were obtained using C57Bl6 mouse strain in reversed light cycle method we do actually obtain very similar results. Lastly, variability between mouse strains may account for phenotype differences. While we used C57Bl/6J mice, Li et al [10] generated their Pw1 mutant mice in 129Sv mouse strain [10] . Nonetheless, they later derived their mutant mouse model in a C57Bl/6J background and reproduced the maternal behavior phenotype [38] . The authors suggested that there was compensation over time since their original 129Sv Pw1 mutant mice showed less maternal behavior defects after multiple generations [38] . We suggest therefore that the different targeting strategies used to generate the various Pw1 mutant account for the differences we see as compared to the previously reported behavioral phenotypes [10, 17] , Apart from the specific constructs used to generate Pw1 mutant mice, experimental design can also impact phenotypic outcomes including breeding strategies. According to Curley, Broad, and Keverne [36, 46] , Pw1 acts synergistically at the maternal hypothalamus, the placenta, and the fetal hypothalamus to ensure reproductive success. Pw1 expression in the placenta and fetal hypothalamus enhances maternal care and lactation, which suggests that offspring genotype affects mother phenotype. Curley et al [36] noted that "when the mutation was in the foetus, wild-type mothers ate less and failed to increase their food intake in the last week of pregnancy, suggesting an impairment of placental endocrine signals that are, in part, responsible for regulating maternal food intake." If such a generational impact is verified, the genotype of the offspring (n+1) is critical. In our behavioral analysis, females were bred to Pw1 +/+ males such that offspring were either Pw1 +/+ or Pw1 m-/p+ , which should leave PW1 expression unperturbed.
Therefore we could compare all female genotypes together. Importantly, according to Curley and colleagues [36] the maternal weight gain of Pw1 +/+ mothers during pregnancy carrying Pw1 m+/p-fetuses is decreased, to the same extent as Pw1 m+/p-mothers carrying Pw1 +/+ pups. Accordingly, they suggested that Pw1 functions are synchronized and optimized between mother and infant as a coadaptation phenomenon; Pw1 expression in the fetus enhances Pw1 functions in the mother. Whether the same defects are found regarding maternal behavior, nursing, thermogenesis in Pw1 +/+ mothers carrying Pw1 m+/p-fetuses compared to Pw1 m+/pmothers carrying Pw1 +/+ pups remains to be determined. Additionnally, Curley et al [36] showed that wild-type pups born to Pw1 m+/p-mothers have a decreased birth weight and a reduced postnatal growth up to weaning. Using our Pw1 mutant mouse model, we do not reproduce this result revealing that in our conditions the mother genotype does not impact pre-and postnatal growth of the pups. Moreover, we do not see any increase in perinatal death upon paternal and homozygous Pw1 deletion in both mother and offspring. To date, it remains unresolved as to how parental imprinting confers a selective advantage. A coadaptation theory was proposed by Wolf and Hager [47] relying on an evolutionary mathematical model and independently by Curley and Keverne [20, 36] . The latter group examined the existing Pw1 mutant mouse and observed a suckling impairment in mutant pups. Broad and Keverne [20, 46] also provided evidence that Pw1 regulates the expression of genes in the placenta, as well as in the fetal and maternal hypothalamus. Based on these observations, they suggested that Pw1 is a key player governing care and nursing by the mother and resource consumption (suckling) by the offspring with subsequent effects upon postnatal growth, and future maternal care in pups adult life. Along with Pw1, Mest/Peg1 was known to promote maternal bonding [7] and Grb10 was recently shown to control nutritional resources both in mother and infant [48, 49] . A master-regulator role for these imprinted genes in regulating placental-fetal-maternal interactions is attractive since parental imprinting of these specific genes is unique to placental mammals.
We note that growth restriction is a central defect that is common to all Pw1 mutant mouse models previously established as well [10, 17, 28] We did not observe Pw1 maternal allele expression upon deletion of the Pw1 paternal allele in the adult brain in our model. Thus, there is no loss of imprinting in the conditions tested. However, we detected Pw1 maternal allele transcription at postnatal day 0 in Pw1 m+/p-brains.
Whether this weak expression of the normally silenced copy is due to Pw1 paternal deletion or reflects a normal relaxation of imprinting at birth remains to be resolved. Nonetheless, our observations are consistent with recent findings of Perera et al [28] in the neonatal brain. Our results indicate that maternal-allele driven Pw1 expression is not sufficient to rescue postnatal growth defects. While the role, if any, of the maternal allele remains to be elucidated, we note that we detected transcription from the truncated paternal allele in Pw1 m+/p-and Pw1 -/-brains at high levels. As our PW1 antibody was generated to the coding domain present in the recombined 9 th exon [15] , we cannot determine if a truncated PW1 protein is generated however it would represent a small portion of the entire PW1 protein. In addition, Ye and colleagues previously showed that PW1 is a transcriptional repressor of Zim1 [50] . Upon paternal loss of Pw1, they detected an increase in Zim1 transcript level and validated PW1 binding to Zim1 gene by ChIP analyses in the neonatal brain. However, in the present study we did not see any change in Zim1 expression in Pw1 knockout postnatal day 0 brains (S6A, S6B and S5B Figs).
In conclusion, the results presented here using a novel Pw1 knockout mouse model demonstrate that Pw1 is not essential for the maternal behaviors tested, milk letdown, or pup suckling ability, but rather Pw1 primarily regulates intrinsic postnatal growth. Radford and colleagues [51] showed that Pw1 is a stress-response gene during embryonic and fetal development. Specifically, upon maternal nutritional restriction, PW1 expression increases in the brain and liver of fetuses as a compensatory mechanism to ensure fetal growth. This stress response in the whole brain is consistent to our previous studies showing that PW1 participates in cell stressresponses leading to cellular growth arrest and cell death [24, 25] . More recently, we showed that PW1 expression marks stem/progenitor cells from all tissues examined to date including muscle resident stem cells, the hematopoietic system, brain, and skin [16] and is essential for proper somatic stem cell function [23] . Thus, Pw1 may act as a coordinator to modulate growth cues to the whole body through direct action upon stem cells that underlie tissue growth representing an adaption at the organismal level.
Materials and Methods Mice
A Pw1 conditional knockout mouse line was generated at EMBL (Italy) by inserting two LoxP sites flanking Pw1 exons 8 and 9 ( Fig 1A, S1 Fig) (DNA source: pVBFRTCKR05-Peg3  20901bp) . Four out of 600 clones were efficiently targeted using homologous recombination in an XY 129SvC57Bl6 hybrid ES cell line. The four positive clones were injected into C57BL/6 blastocysts and reimplanted into CD1 foster mothers. Karyotyping and Southern analyses were performed at EMBL. Out of the four resulting male chimeras, one founder was validated for further analyses. The Frt site flanked neomycin ES-cell selection cassette was excised by crossing with a mouse carrying flippase [29] . A constitutive Pw1 knockout mouse model was subsequently obtained by crossing the Pw1 floxed mouse with a constitutive PGK-Cre mouse [30] and expanded onto a C57Bl/6J background for at least 10 backcrosses prior to analysis (Elevage Janvier). The genotypes tested in this study were Pw1 +/+ (wildtype), Pw1 p-/m+ (paternal deletion), Pw1 p+/m-(maternal deletion) and Pw1 -/-(homozygous deletion) mice.
Ethics statement
All work with mice was carried out in adherence to French government and European guidelines.
RNA extraction, RT-PCR and RT-qPCR
RNA extracts were prepared using RNeasy Mini Kit (Qiagen) according to manufacturer's guidelines. RNA was treated with RNase-free DNase I (Qiagen) following the manufacturer's protocol. cDNAs were synthesized using random hexamers (SuperScript First-Strand Synthesis System; Life Technologies). Semi-quantitative polymerase chain reactions were carried out on a ProFlex PCR System. Cycling conditions were as follows: 95°C for 5 min followed by 30 (18S) to 34 (Pw1) cycles of amplification (95°C for 30 s, 56°C (truncated Pw1) 57°C (wild-type Pw1) or 60°C (18S) for 30 s and 72°C for 1 min), followed by a final incubation at 72°C for 10 min. Quantitative polymerase chain reaction was performed on a LightCycler 480 (Roche) using SYBR green (Thermo Fisher Scientific). Cycling conditions were as followed: 95°C for 5 min followed by 42 cycles of amplification (95°C for 15 s, 60°C for 15 s and 72°C for 20 s), then 95°C for 5 s followed by a final incubation at 65°C for 1 min. Primers sequences used were: Pw1 wild-type allele (semi-quantitative PCR) FWD 5'-AAGGCCACTCATCGAGGTCCAAGAGAACTGCC-3' and REV 5'-CCACATTCCTTA CACTCAAAGC-3'; Pw1 knockout allele FWD 5'-ACATGCCTGGAACTCCAGTGC-3' and REV 5'-ACCTTCACAGGACTATCTAAGAGGTAGGGG-3'; 18S FWD 5'-CGGCTACCA CATCCAAGGAA-3' and REV 5'-TATACGCTATTGGAGCTGGAA-3'; Pw1 wild-type allele (qPCR) FWD 5'-TGGGAGTCCAGCTTGCCGAAGA-3' and REV 5'-CCACGCCTGTGG GATGGCTTT-3'; Hprt1 FWD 5'-AGGGCATATCCAACAACAAACTT-3' and REV 5'-GTTAAGCAGTACAGCCCCAAA-3'. For real time PCR, levels of Pw1 expression were normalized to Hprt1 gene expression.
Western analyses
Freshly isolated brains were homogenized in lysis buffer (150mM NaCl, 50mM Hepes pH7.6, 1% NP-40, 0,5% sodium deoxycholate, 5mM EDTA) supplemented with 1mM PMSF, Complete (Roche), 20mM NaF, 10mM b-glycerophosphate, 5mM Na-pyrophosphate, and 1mM Na-orthovanadate. Equal amounts of protein were separated by electrophoresis (Novex NuPAGE Bis-Tris protein gel 4-12% or 5% home-made Bis-Tris gel) and transferred to a PVDF membrane in 20% methanol transfer buffer. Membranes were probed with polyclonal rabbit antibodies to PW1 (rabbit, 1:10,000) (Relaix et al., 1996) and GAPDH (Abcam). Antibody binding was visualized using horse-radish peroxidase (HRP)-conjugated species-specific secondary antibodies (Jackson ImmunoResearch) followed by enhanced chemiluminescence (Pierce).
Histological analyses
For immunofluorescence and immunohistochemistry experiments, animals were deeply anaesthetized and transcardially perfused with 4% paraformaldehyde (PFA), pH 7.4. Brains were post-fixed 18 hours at 4°C, cryoprotected overnight in 20% sucrose in PBS at 4°C, and snap frozen in isopentane at -50°C. Coronal cryosections (8μm) were processed for immunostaining. Permeabilization was performed in PBST (PBS, 0,1% Triton X-100) for 10 minutes. For PW1 staining alone, antigen retrieval was carried out in 0.01M citric acid, pH6.0, with two consecutive incubations of 5 minutes at 95°C. Sections were blocked by incubation for 1 hour in PBS supplemented with 4% IgG-free BSA (Jackson ImmunoResearch). Primary antibodies used were: PW1 (rabbit, 1:3,000) (Relaix et al., 1996) , OXYTOCIN (rabbit, Abcam, 1:10,000). For immunofluorescence, antibody binding was visualized using rabbit-specific secondary antibody coupled to Alexa Fluor 488 (Life Technologies). Nuclei were counterstained with DAPI (Sigma). For immunohistochemistry, antibody binding was reacted using rabbit-specific secondary antibody coupled to biotin followed by streptavidine coupled to HRP (Jackson ImmunoResearch). The DAB enzymatic reaction was carried out using nickel enhancement according to manufacturer's instructions (VECTOR Laboratories). Oxytocin-positive neurons were quantified blind to genotype in the paraventricular nuclei by counting every other section from interaural coordinate 2.680 to 3.400 (from 2.680 to 3.900 for the supraoptic nuclei; from 3.416 to 3.944 for the medial preoptic area). Images were acquired using a Leica DM fluorescence and light microscope or Leica SPE confocal microscope.
Maternal and reproduction behavior analyses
Maternal behavior was assessed based upon previously established protocols (Li et al and Champagne et al) [10, 38] . Observations were performed during the light period of a nonreversed light cycle cage facility. Females were accustomed to the experimental room at least 30 minutes prior testing. In their home-cage, each female was individually monitored for pup retrieval latency, time crouching over the whole pup set, nest quality and nest building latency. Pup retrieval was scored as the transfer of a pup into the nest. Nest quality was scored from 0 (absence of nest building activity) to 3 (perfectly built nest with no remaining nest material outside the nest). Accordingly, all cages were enriched with Cell Sizzle (SAFE) nest material for housing and maternal behavioral analyses. Observations and records were performed blind to genotype. The mean of each pup sniffing and retrieving latencies was used for both nulliparous and primiparous females.
Nulliparous (virgin) two months-old females were briefly removed from the test cage. Three newborn pups (0-3 days) were randomly chosen and placed interspaced in the test cage at the opposite side of the nest. In order to assess nest quality, the nest was gently disturbed by placing some nest material far from the nest. Nulliparous females were then transferred back to the test cage. Pup sniffing latency and maternal behaviors were recorded for 20 minutes. Nest quality was scored at the end of the test period. For primiparous females, three to four months old primary timed-pregnant females were isolated at gestation day 17 into a new cage with fresh nest material. On the day of birth (2-6pm), nest quality was scored before removing the female from the cage. All pups were placed interspaced at the opposite side of the nest before disturbing the nest gently. Upon retransfer of the female back to her pups, maternal behavior was monitored and recorded for 7 minutes. Behavioral analysis was carried out as described above except that the female was tested with her own full litter. A GoPro Hero3+ camera was fixed on top of the cage in order to better track maternal behavior. In addition, the number of dead pups (excluded from the test) and litter size were recorded.
Controlled matings were performed to assess reproductive competence. Around 5-6pm, two females were introduced to a male overnight. The following morning (9-10pm), females were checked for vaginal plug and separated from the male accordingly. Plugged females were monitored for gestation up to 17 days post-coitum. For each cross, at least three different males and a dozen of females were used for a total of 15 plugs analyzed. For this study, all animals were 2 to 6 months old.
Milk intake
Pup milk intake ability was measured to assess suckling ability in postnatal day 7 wild-type and paternal mutant pups born to wild-type mothers in order to avoid potential contribution of the maternal genotype to suckling behavior. Pups were placed into a warm incubator for 2 hours allowing for the weight to stabilize followed by reintroduction to the mother. Individual pup weights were recorded hourly for 4 hours and again at 24 hours.
Oxytocin measurements
Blood was collected from the tail of 3 months old nulliparous and 3-4 months old primiparous females using kalium-EDTA coated tubes (Sarstedt). Plasma were isolated according to manufacturer's instructions and stored at -80°C. Oxytocin plasma levels were measured using the Oxytocin ELISA kit (Enzo Life Sciences), following the manufacturer's protocol. Optical densities were measured on a FlexStation 3 (Molecular Devices) at 405nm, with correction at 580nm.
Statistical analysis
All statistical analyses were performed using GraphPad Prism software, version 6.0. Tests carried out are mentioned in figure legends; they include one-or two-way ANOVA tests. Data are presented as the mean ± standard error of the mean (s.e.m.) Ã P<0.05, ÃÃ P<0.01 and ÃÃÃ P<0.001. The number of animals used for each experimental condition (n) is indicated in the figure legends or in the above methods. 
